Gagnon KB, Delpire E. Physiology of SLC12 transporters: lessons from inherited human genetic mutations and genetically engineered mouse knockouts.
THE SOLUTE CARRIER 12 (SLC12) gene family encodes electroneutral inorganic cation-chloride cotransporters (CCCs) that are plasma membrane proteins mediating the movement of inorganic sodium (Na ϩ ) and/or potassium (K ϩ ) cations, tightly coupled to the movement of chloride (Cl Ϫ ) anions. These transporters play several important roles in human physiology, many of which we will thoroughly examine in this review. Most of our current knowledge is based on basic comparative studies involving many diverse animal species. In this review, we will focus on the increasing use of genetically modified mice to model human pathologies and diseases.
The SLC12 family can be divided into two major branches, defined not only by their transport properties but also by their amino acid sequences which point to an ancient separation of their respective genes (Fig. 1A) . SLC12A1-A3 form the Na ϩ -dependent branch of CCCs with two Na-K-2Cl cotransporters (NKCCs, members A1 and A2) and one Na-Cl cotransporter (NCC, member A3), whereas genes SLC12A4 -A7 encode four Na ϩ -independent K-Cl cotransporters (KCCs). As with many other SLC transporters, the SLC12 family of proteins includes two orphan members, SLC12A8 and SLC12A9, which encode proteins for which no function has yet been ascribed. The topology of cation-chloride cotransporters resembles that of many other SLC families, with an intracellular amino terminal domain, a core segment consisting of 12 transmembrane domains (TMDs), and a large intracellular carboxyl terminal domain. Interestingly, primary sequence and structural homology of the SLC12 transmembrane core segment with amino acid permeases and bacterial transporters place the NCCs, NKCCs, and KCCs within the amino acid-polyamine-organocation (APC) superfamily of transmembrane transporter proteins (155) .
Proteomic analysis of bacterial CCCs reveals a variety of proteins with similarity to mammalian NKCC1. A key characteristic of Na ϩ -dependent CCCs in general, and NKCC1 in particular, is the presence of a large extracellular loop between transmembrane domains TMD7 and TMD8. However, this loop is missing in bacterial CCC ancestors. In fact, one bacterial CCC member actually displays a large extracellular loop between TMD3 and TMD4. This observation when added to the large number of prokaryotic NKCC sequences indicates that there is as much, if not more, diversity among prokaryote NKCC sequences than among eukaryote NKCCs. NCC and NKCC2 are first found in fish, indicating a relatively late evolutionary branching of these two Na ϩ -dependent CCCrelated proteins. As there are more differences between NCC and NKCC1 than there are between NKCC2 and NKCC1, phylogenetic analysis places the branching of NCC before that of NKCC2 (see Fig. 1A ). Whether this is the actual order of gene duplication is currently unknown.
Analysis of a protozoan genome (Capsaspora) reveals the presence of one NKCC and two KCC genes, indicating an ancient separation between the NKCC and KCC branches. Instead of a large extracellular loop between transmembrane domains TMD5 and TMD6 (a key characteristic of higher organism K-Cl cotransporters) one Capsaspora KCC sequence displays an unusual loop between TMD9 and TMD10. Although the C. elegans and Drosophila genomes also contain two KCC-like genes (CE-Kcc-1, CE-Kcc-2, DM-Kcc-1, and DM- , it is only later in vertebrate evolution that the modern SLC12A4 -A7 genes first appeared (Fig. 1B) .
Since only one KCC gene is found in echinoderms and tunicates, the first major duplication of the KCC branch likely occurred during early vertebrate evolution, giving rise to the SLC12A4 and A6 (KCC1 and KCC3) branch and the SLC12A5 and A7 (KCC2 and KCC4) branch. As all four K-Cl cotransporters are found in the modern teleost fish, it is clear that the two branches divided once again during fish evolution. Note that there are some intriguing absences of KCC genes in vertebrate genomes. For instance, SLC12A7 (KCC4) is found in a variety of fish genomes such as zebrafish (Danio rerio), puffer fish (Tetraodon nigroviridis), and tilapia (Oreochromis niloticus), but it is absent from amphibian (Xenopus laevis) and reptile (Anolis carolinensis) genomes. Whether it truly constitutes a gene loss in modern amphibians and reptiles or absence due to the paucity of amphibian and reptile sequenced genomes is unknown. Similarly, SLC12A6 (KCC3) is found in amphibians, reptiles, and mammals but intriguingly not in birds. With the annotation of the chicken and zebra finch genomes nearly complete, it is quite likely that KCC3 is essentially absent in birds. Although only one of the two orphan cotransporters (SLC12A8) is found in protists, phylogenetic analysis (based on amino acid sequences) suggests that SLC12A9 is actually evolutionarily older than SLC12A8. In this review, we will focus on human diseases linked to the mutation/dysfunction of the Na-Cl, Na-K-2Cl, and K-Cl cotransporters and examine and discuss the phenotypes associated with targeted disruption of these transporters in the mouse.
ADVANCES IN GENE TARGETING
Homologous recombination in cultured embryonic stem cells has been used to create novel mouse strains which knock out gene expression or knock in mutations that either silence or activate the translated protein, often to mimic a human disease. Before the sequencing of the human (76, 149) and mouse (96) genomes, a map of the exons, introns, and rare restriction sites had to be created to design a targeting vector. This was a very time-consuming and labor-intensive project, often taking months to years to complete. First, genomic DNA isolated from mouse tissue was digested with a panel of restriction enzymes and Southern blot analysis was performed with 32 P-labeled cDNA fragments to localize the exons. Next, more genomic DNA was digested into 10-to 20-kb fragments to create a phage genomic DNA library, which was then screened by Southern blot analysis using the radiolabeled cDNA fragments of the target gene as probes. After rescue of smaller genomic DNA fragments into plasmids, the DNA/plasmid was sequenced to differentiate exons from introns and identify unique restriction enzyme sites for construction of a targeting vector with an antibiotic-resistance gene cassette (Fig. 2 , steps The two major branches of cation-chloride cotransporters (CCC) separated early during evolution. Functionally uncharacterized CCC9 separated early from the Na ϩ -dependent branch of cationchloride cotransporters. In a similar fashion, CCC8 separated early from the Na ϩ -independent K-Cl cotransporters. The human Na ϩ -independent cotransporters are more closely related to one another than are the Na ϩ -dependent cotransporters. NKCC2, Na-K-2Cl cotransporter 2. B: cluster dendogram illustrating separation of the Na ϩ -independent cation-chloride cotransporters during vertebrate evolution. Although multiple "K-Cl like" cotransporters are found in roundworms and arthropods, the modern K-Cl cotransporters diverged early during vertebrate evolution. The amino acid sequences used to create the dendograms in both A and B were aligned using Vector Nti Suite software (version 6.0; Invitrogen/Life Technologies), saved as a text file, and then reformatted for use with Promlk, a software component of the Phylogeny Inference Package (PHYLIP; http://evolution.gs.washington.edu/phylip.html). Length of tree branches can be compared with the reference bar, which represents 0.1 amino acid substitutions per site. Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans.
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. There were so many potential pitfalls that it is still amazing that these multi month/year projects yielded successful outcomes. Today, steps 1-6 have been replaced by the mouse genome sequencing project. The entire design of a targeting construct can be made in a few hours and the creation of the construct can be made in a few weeks with the availability of the entire mouse genome sequence, bacterial artificial chromosomes (BACs), and genetic recombineering techniques (101) . The first genetically modified mouse models of SLC12 cotransporters were generated in the late 1990s and involved the Na ϩ -dependent cation-chloride cotransporters (25, 124, 138).
Na-Cl Cotransporter (SLC12A3 Gene)
The distal nephron is a major site of parallel reabsorption of urinary Na ϩ and Ca
2ϩ
. The observation that administration of thiazide diuretics simultaneously decreased Na ϩ reabsorption while increasing Ca 2ϩ reabsorption led Dr. Mackenzie Walser to postulate that the diuretic dissociates cation reabsorption in the distal nephron by inhibiting net sodium transport and secondarily enhancing net calcium transport (153) . As thiazides did not affect the transepithelial potential difference, it was later postulated that Na ϩ and Cl Ϫ "conductances" were inhibited to the same extent (20) . Microperfusion experiments placed the site of Na ϩ and Ca 2ϩ reabsorption to the distal convoluted tubule (DCT) (19). It was while studying the flounder urinary bladder, which is anatomically and functionally an extension of the kidney, that Dr. John Stokes demonstrated the presence of a thiazide-sensitive, electroneutral Na-Cl cotransporter (NCC) at the mucosal membrane (133) . This finding indicated that the mechanism for Na ϩ reabsorption in the mammalian DCT was likely not an ion channel but a membrane carrier. It was from the urinary bladder of the flounder, which constituted a rich source of NCC RNA, that Dr. Steven Hebert and coworkers initially isolated (by expression cloning) the cDNA encoding NCC (43) . This was followed a year later by the cloning of the mammalian NCC through homology screening of a rat kidney library (42) . As indicated in Fig. 3 , the Na-Cl cotransporter is expressed in the DCT, where it recovers 10% of the overall urinary Na ϩ (see Fig. 4B ).
Many insights into the function of NCC were gained from naturally occurring mutations found in the human population. A rather large number of mutations in the human SLC12A3 gene have been identified in patients suffering from a saltwasting disorder called Gitelman's syndrome. The first report (129) listed 14 single amino acid substitutions or missense mutations, one nonsense mutation, and two splice site mutations. Interestingly, only three individuals out of 17 were homozygous for a single mutation, whereas the remaining individuals were heterozygous for multiple mutations. Another study in an Italian population reported two previously described and 10 additional new mutations in the SLC12A3 gene (86) . In a recent study, Glaudemans and coworkers identified 114 SLC12A3 mutations in 163 patients with Gitelman's syndrome, 31 of which were novel mutations (49) . Again, the number of patients homozygous for a single mutation (24%) was nearly threefold less than patients with compound heterozygous mutations (61%). This latest study closely examined the effect of these mutations on cotransporter expression and function. While several mutations led to the complete absence of NCC expression, others led to trafficking defects and targeting of the glycoprotein for degradation. Interestingly, there was a large subset of mutations that neither affected protein expression nor trafficking of the cotransporter to the cell surface but still decreased Na ϩ uptake when expressed in Xenopus laevis oocytes (49) .
Genetic data demonstrate that in the Caucasian population, mutations in this transporter are found with a frequency of 1:100 people (88). However, they also indicate that compound heterozygous mutations are less deleterious in combination than mutations found in homozygous individuals who feature the classical symptoms of Gitelman's disease. The major clinical manifestations of Gitleman's syndrome are metabolic alkalosis, hypokalemia, hypomagnesemia, hypocalciuria, and high renin-aldostenone levels (129) . As NCC function is absent or significantly reduced in Gitleman patients, there is a significant decrease in Na ϩ and water reabsorption, resulting in volume contraction. The decreased Na ϩ reabsorption in the DCT results in increased delivery of Na ϩ to the collecting duct, where its reabsorption via epithelial sodium channel (ENaC) stimulates both K ϩ and H ϩ secretion and leads to hypokalemia and metabolic alkalosis. Furthermore, the reduced blood volume activates the renin-angiotensin-aldosterone (RAA) system: angiotensin II promotes proximal H ϩ secretion via the Na ϩ /H ϩ exchanger and aldosterone activates ENaC activity, increasing the driving force for secretion of K ϩ and H ϩ and further hypokalemia and metabolic alkalosis. The loss of K ϩ can lead to associated symptoms such as fatigue, tetany, paralysis, and increased risk of ventricular arrhythmia. Additional features of the disease are hypomagnesemia, which is likely due to loss of the transient receptor potential cation channel (TRPM6) expression in the DCT, and hypocalciuria due to increased proximal tubule passive calcium reabsorption secondary to extracellular volume contraction.
In 1998, Shull and coworkers generated a NCC-null mouse by disrupting exon 12 of the SLC12A3 gene (124) . Despite the absence of the NaCl cotransporter, these mice appeared healthy, grew normally, and were fertile. Similar to Gitelman's syndrome patients, mice deficient in NCC exhibited reduced levels of urinary Ca ϩ2 and serum Mg . When maintained under standard diet conditions, blood pH, serum K ϩ levels, and plasma electrolytes from NCC-null mice were indistinguishable from wild-type mice. However, when placed on a lowNa ϩ diet, both genotypes demonstrated a significant reduction in urinary Na ϩ excretion, possibly indicating increased Na ϩ reabsorption regardless of the presence/absence of the Na-Cl cotransporter. However, a significant decrease in arterial blood pressure (72.3 Ϯ 5 vs. 86.1 Ϯ 3.9 mmHg) was observed in the NCC-null mice (compared with wild-type mice) maintained on a low-Na ϩ diet, similar to patients with Gitelman's syndrome (124) . NCC-null mice also displayed a twofold increase in renin mRNA levels, whereas no significant increase in serum aldosterone was measured. The absence of aldosterone stimulation is consistent with absence of volume contraction, which typically activates the RAA axis, leaving the increased renin levels to be due to the intrarenal renin-angiotensin system. 
Fig. 3. SLC12A cotransporters in the kidney nephron. KCC3 is localized to the basolateral membrane of proximal tubule (PT), NKCC2 on the apical membrane of the thick ascending limb (TAL), and Na-Cl cotransporter (NCC) expression on the apical membrane of the distal convoluted tubule (DCT); KCC4 is found in the DCT and cortical connecting tubule (CNT); and NKCC1 is expressed in the inner medullar collecting duct (IMCD), the afferent arteriole of the glomerulus, and the intra-and extraglomerular mesangium. NCC-null mice maintained on a low-K ϩ diet exhibited a significant reduction in plasma K ϩ concentration, whereas wild-type mice, placed on the same diet conditions, were able to maintain their plasma K ϩ concentration for a period of 7 days (93) . These data suggest that under normal diet conditions, NCC-null mice are somehow able to compensate for the cotransporter-mediated reduction in Na ϩ transport. One possible compensatory mechanism to maintain sodium balance in these NCC-null mice is the increased expression of the ␥-subunit of the epithelial sodium channel, ENaC (14) . Indeed, the collecting ducts, which are distal to the DCT, are also involved in reclaiming a portion (ϳ5%) of filtered urinary Na ϩ through the combined actions of ENaC and the Cl Ϫ / HCO 3 Ϫ exchanger, Pendrin. Individually, the NCC and Pendrin knockout mice only develop hypotension under dietary salt restriction, but when combined into a double knockout, the animals demonstrate severe volume depletion, salt and fluid wasting, as well as a significant reduction in arterial blood pressure under basal conditions (131) . The variable phenotypes observed within Gitleman's syndrome patients and NCC-null mice can therefore be attributed to the degree of compensation by other salt transporters, which in turn can be influenced by a variety of factors. In fact, a similar variability in phenotypes is observed in various studies of the SPAK-null mouse, knockout of a kinase which regulates NCC activity (41, 53, 87) . Similar to human kidneys treated with thiazide diuretics, the number of DCT epithelial cells decreases in the NCC-null mice, indicating atrophy of the segment. Conversely, hypertrophy of the DCT is observed in a mouse model of pseudohypoaldosteronism type II, where NCC function is increased (75) . These morphological changes are thought to be directly due to alterations in Na ϩ transport activity. Although the NCC-null mouse phenotypically recapitulates the hypocalciuria and hypomagnesemia observed in patients with Gitleman's syndrome, the knockout mouse does not exhibit hypokalemic alkalosis. As a result, future studies with this mouse model may provide valuable insight into the pathology of milder forms of Gitleman's syndrome.
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Na-K-2Cl Cotransporter-1 (SLC12A2 Gene)
In 1971, Floyd Kregenow demonstrated that duck erythrocytes recover their volume after hypertonic shrinkage by activating an ouabain-insensitive, Na ϩ -dependent, "active" accumulation of K ϩ . Two years later at the 2nd Annual Meeting of the Red Blood Cell Club at Yale University (New Haven, CT), he showed that the shrinkage-induced cation uptake was mediated by a furosemide-sensitive Na ϩ plus K ϩ cotransport system (referenced in Ref. 69) . It was seven years later that a more complete description of an electrically silent Na-K-2Cl cotransport mechanism was proposed (44) , and another fourteen years before the identification at the molecular level of two distinct Na-K-2Cl cotransporters (26, 42, 108, 158) .
Design and engineering of the Delpire NKCC1 knockout construct began in 1996 at Brigham and Women's Hospital (Boston, MA). Relatively large (8 -18 kb) gene fragments were first isolated by screening lambda-phage genomic libraries using small cDNA fragments of NKCC1 as probes. Precise maps of these genomic clones were obtained by a panel of restriction enzyme digests, and smaller fragments were then subcloned into plasmids for sequencing to identify the exons.
Extreme care was necessary to select unique or rare restriction sites with which to move fragments of these lambda-phage genomic clones into a targeting vector containing a neomycinresistance gene cassette. This labor-intensive work provided the first partial map of the SLC12A2 gene (116) and a targeting construct for homologous recombination that could produce a straight knockout. The decision to proceed to the production of the mouse took many months because of fears that the mouse would be embryonically lethal since the cotransporter is expressed in so many tissues. The NKCC1 knockout mouse did turn out to be viable and the first animals were born in late 1998. Interestingly, two months after our 1999 Nature Genetics report (26), Dixon (28) reported that NKCC1 was responsible for the inner ear defects previously described (27) in a mouse mutant line existing since the early 1940s (55) . Shortly after, two additional groups reported the generation of their own NKCC1 knockout mice (38, 105) . Over the past 12 years, multiple studies have been conducted with these three independently created lines of NKCC1 knockout mice (see Table 1 ). In 2010, Ten Hagen and coworkers confirmed that SLC12A2 was not essential for survival, as knockout of Ncc69 (the fruit fly ortholog of NKCC1) in Drosophila melanogaster did not affect animal viability (134) . However, it is puzzling that no mutations to date have been found in the human population, suggesting that NKCC1 function is essential to the development and survival of the human fetus.
Sensorineural deafness. The most striking phenotype of the NKCC1 knockout mouse is the shaker/waltzer phenotype or head bobbing and circling behavior characteristic of inner ear dysfunction (25, 38). Hearing and balance are affected in these mice, pointing to both cochlear and vestibular defects. Histology of the cochlea revealed absence of endolymphatic fluid as well as loss of hair cells and supporting outer phalangeal cells in the organ of Corti (25, 38). These data were confirmed and extended by ultrastructural studies of the inner ear of NKCC1 knockout mice (106) . Placed on the basolateral membrane of stria vascularis cells, the Na-K-2Cl cotransporter together with the Na ϩ -K ϩ -ATPase provide an entry pathway for K ϩ into the cells. Na ϩ that enters through the cotransporter can be recycled by the Na ϩ /K ϩ pump, and K ϩ channels located on the apical membrane (Kv7.1/KvLQT1) provide the exit pathway for K ϩ out of the stratified epithelial cells (see Fig. 10 in section on KCC3 knockout and age-related deafness). The structural changes and behavioral phenotype of the NKCC1 knockout mouse confirms the critical role that NKCC1 plays in the production/secretion of the K ϩ -rich endolymphatic fluid. Consistent with this observation, knockout of Kv7.1 or KCNE1/ minK (a Kv7.1 modifier protein) leads to inner ear deficits similar to the NKCC1 knockout phenotype. In fact, both NKCC1 and Kv7.1 expression has been shown to decrease in the inner ear with age-related deafness (79). Note that immunohistochemical analysis in the inner ear revealed high expression levels of NKCC1 not only in the stria vascularis but also in spiral and vestibular ganglia (25). The physiology of NKCC1 has not yet been studied in these particular neurons, but it is tempting to associate this observation to the high level of NKCC1 expression detected in primary afferent dorsal root ganglion neurons (see below). The similarity between the anomalies of the zebrafish little ear (lte) phenotype and the NKCC1-null mouse prompted Geisler and coworkers to map the lte phenotype to the chromosomal location of the zebrafish Nkcc1 gene (45) . Subsequent developmental studies demonstrated a loss of endolymph fluid and collapse of the endolymphatic space in the zebrafish lte phenotype at 75 h postfertilization (1). These studies indicate that the function of NKCC1 in the inner ear is conserved throughout vertebrate evolution.
CNS excitability: is NKCC1 pro-or anticonvulsant? Central nervous system (CNS) neurons born in the periventricular zone migrate, differentiate, and acquire their final characteristics by forming synapses and communicating with neighboring neurons during embryonic development. This neuronal migration and differentiation utilizes the neurotransmitter GABA, which in immature neurons produces excitatory postsynaptic potentials. Kriegstein and coworkers assessed the developmental changes in the GABA receptor reversal potential and found that the intracellular Cl Ϫ concentration in neurons is highest when the neurons are born and then slowly decreases during neuronal maturation (104) . It is this high intracellular Cl Ϫ that facilitates GABA-receptor mediated depolarization of the neuronal membrane. For instance, in immature hippocampus, excitatory GABA facilitates the development of giant depolarizing potentials that originate in the network spontaneously (9, 10) . One of the mechanisms potentially involved in maintaining this high intracellular Cl Ϫ is NKCC1, which uses the favorable energy of the Na ϩ and Cl Ϫ chemical potential differences to maintain intracellular Cl Ϫ above its electrochemical potential equilibrium. In support of this hypothesis, expression of NKCC1 was shown to be highest in young neurons and decreases during maturation (114) . Despite the developmental decrease in NKCC1 expression, only minimal changes in Cl Ϫ reversal potential have been measured with bumetanide in young CNS neurons (33, 162) or using the NKCC1-null mouse (7, 159) , challenging the idea that the cotransporter is primarily responsible for accumulating Cl Ϫ above its electrochemical potential equilibrium in immature neurons. In fact, it is possible that the primary role of NKCC1 is not to "set" the Cl Ϫ concentration to values above its electrochemical potential equilibrium, but rather to provide a pathway for fast reaccumulation of Cl Ϫ in conditions that lower its concentration.
Experiments performed in rat hippocampal slices showed that bumetanide, a potent inhibitor of NKCC1, suppresses synchronous bursts of action potentials (33). The spontaneous synchronous network activity returned shortly after washout of bumetanide. Furthermore, the loop diuretic was also shown to suppress inter-ictal and ictal-like epileptiform activity induced by high K ϩ in hippocampal slices in an age-dependent manner (33). As expected, the NKCC1-null mice confirmed the specificity of the bumetanide effect. In a recent study, the authors demonstrated that bumetanide enhanced phenobarbital efficacy in preventing seizures induced by exposure to low Mg 2ϩ (32). Thus, NKCC1 in these studies was proconvulsant. In contrast, we found a higher frequency of action potential firing in CA3 pyramidal neurons from homozygous NKCC1-null mice, compared with wild-type mice. These data were confirmed by applying bumetanide to slices isolated from wild-type mice (162) . Furthermore, when we used 4-aminopyridine to induce hyperexcitability, we found synchronized ictal-like epileptiform activities arising in NKCC1-null hippocampal slices but only interictal-like activities appearing in wild-type NKCC1 hippocampal slices. These results indicated that instead of facilitating seizure activity, NKCC1 actually inhibited the generation of seizures (162) . Thus, there is still a controversy to the role of NKCC1 in CNS excitability. In the Zhu et al. (162) study, we discussed in some detail possible reasons for both the pro-and anticonvulsant results of the two studies. One possibility is that NKCC1 is a substitute mechanism for clearance of external K ϩ . Another possible explanation comes from a study performed in C57BL/6 mice that demonstrated that based on the protocol used to induce hyperexcitability, bumetanide exerts differential effects on network excitability (67) . Furthermore, a recent study demonstrated a significant increase in neuronal Cl Ϫ during the preparation of brain slices, questioning the validity of the recordings performed in freshly obtained tissue preparations (31).
Sensory neurons. The role of NKCC1 in accumulating Cl Ϫ in primary afferent neurons is much less controversial than that of central neurons. Early work performed in amphibian dorsal root ganglion (DRG) neurons demonstrated a concentration of Cl Ϫ that was 2.6 times higher than predicted from electrochemical potential equilibrium conditions, dependent on external Na ϩ and K ϩ ions, and sensitive to the loop diuretic furosemide (3). All of these properties are characteristics of the Na-K-2Cl cotransporter. Cloning of the mammalian NKCC1 (26) and subsequent development of polyclonal antibodies (65) allowed for the identification of this isoform in DRG neurons (4, 113) . A recent study confirmed the expression of NKCC1 in both large and small DRG neurons and also demonstrated a progressive developmental decrease in intracellular Cl Ϫ , although still much higher than that of mature central neurons (85). Gramicidin-perforated patch-clamp measurements demonstrated a return of the intracellular Cl Ϫ to equilibrium distribution in DRG neurons isolated from NKCC1 knockout mice (136) .
High intracellular Cl
Ϫ concentration in the terminals of sensory afferent fibers facilitates GABA depolarization and presynaptic inhibition. Thus, once the fiber terminal is depolarized or shunted, it will prevent the transmission of an incoming action potential (Fig. 5A ). This might be a mechanism set up to filter sensory noise, only allowing strong sensory signals to go through, when the fiber has recovered from GABA depolarization.
The SLC12A2 knockout mouse has also been used to confirm the role of NKCC1 in peripheral nerve degeneration (112) . Following axonotomy of the sciatic nerve, it was observed that the reversal potential of muscimol-induced GABA A currents shifted toward depolarized potentials in wild-type but not NKCC1-null animals. Confirmation that this shift was a result of NKCC1 activity was demonstrated by 1) extracellular Cl Ϫ -dependence, 2) increased phosphorylation of existing NKCC1 protein, and 3) bumetanide sensitivity. Pieraut and coworkers (112) used time-lapse video microscopy to show that initiation and growth of neurites was significantly greater in axotomized nerves, compared with control neurons. Furthermore, depletion of intracellular Cl Ϫ significantly decreased neurite growth velocity, indicating that regenerative growth is dependent on the regulation of intracellular Cl Ϫ concentration. The use of intrathecal injection of bumetanide, small interfering RNA targeting NKCC1, and NKCC1-null mice all prevented neurite growth (following axotomy), clearly indicating that the cotransporter is involved.
As NKCC1-null mice exhibit a severe inner ear deficit, it is not unexpected that they would demonstrate a severe locomotor deficit, as demonstrated by their inability to perform on the accelerated rotarod assay (136) . Unfortunately, the inner eardriven locomotor phenotype prevented us from making any conclusions regarding a possible sensory afferent proprioceptive deficit. However, these mice do exhibit a significant nociception phenotype (Fig. 5B) , as demonstrated by the hot plate test (136) , as well as the tail flick and intradermal capsaicin injection assays (74) . This decreased sensitivity (or increased threshold) to pain might be explained by the absence of presynaptic inhibition and an inability of the mice to differentiate nociceptive signals from sensory noise. Because developmental compensation is known to occur in knockout animal models, it was important to confirm the role of NKCC1 in pain perception using approaches independent of genetically modified animals. This was done in a 2005 study that found that the flinching behavior produced by an injection of 1% formalin in the mouse paw could be decreased by an intrathecal injection of NKCC1 inhibitors (50) .
Olfactory receptor neurons. When odorants bind to G-coupled receptors of the ciliary membrane, they trigger an increase in cAMP that, in turn, activates Ca 2ϩ channels. As Ca 2ϩ enters into the cell, it stimulates a Ca 2ϩ -dependent Cl Ϫ channel that depolarizes and excites the neuronal membrane (40) . NKCC1 expression is high in the olfactory epithelium but absent in the adjacent respiratory epithelium (117) . The cotransporter appears to be localized to the proximal dendrite and soma of the olfactory receptor neuron (ORN) and is required for the generation of the inward Cl Ϫ current. Indeed, using heptanal as an odorant, Reisert and coworkers (117) demonstrated in ORNs from wild-type mice the appearance of a large receptor current blocked by niflumic acid, a Cl Ϫ channel blocker. This current was substantially reduced after incubation of the tissue with 50 M bumetanide for 30 min. Importantly, in ORNs from NKCC1-null mice, the receptor current was seven times smaller than the current in wild-type ORNs and unaffected by niflumic acid. These electrophysiological data showing that NKCC1 accumulates Cl Ϫ were obtained in isolated olfactory neurons and were consistent with previous data obtained with Cl Ϫ -sensitive fluorescent dyes (64) . However, electro-olfactogram data obtained in intact olfactory epithelium tissue showed that NKCC1-null mice still generate odor-induced field potentials, although reduced by 39% compared with wild-type mice (98) . Furthermore, NKCC1-null mice were shown to have normal olfactory sensitivity, as demonstrated by a two-sample discrimination task performed in an olfactometer operant chamber (130) . Thus, in this case as well, there might be a significant difference between data obtained from freshly isolated neurons versus data obtained with intact tissue.
Interstitial cells of Cajal. Specialized cells in the interstitium of the gastrointestinal tract produce a slow wave electrical pacemaker activity that controls intestinal motility. These cells exist in close association with smooth muscle cells and neurons. In the small intestine, interstitial cells of Cajal (ICCs) surrounding the myenteric plexus generate slow waves that propagate to adjacent smooth muscle cells. Using suppression subtractive hybridization between RNA isolated from wildtype mice and RNA isolated from two ICC-deficient mouse Because the Cl Ϫ concentration is high in these afferent neurons, GABA produces a depolarization of the nerve terminal and inhibition of incoming pain signals from the periphery. B: withdrawal latencies for hot plate and tail flick assays in wild-type, heterozygous, and homozygous NKCC1 knockout mice. Both tests were performed at 52°C. Data represent means Ϯ SE. *Significant difference with P Ͻ 0.05. Hot plate and tail flick data were taken from references 136 and 74, respectively. strains, Wouters and collaborators (157) identified SLC12A2 as a gene downregulated in the mutant strains, indicating a possible role for the Na-K-2Cl cotransporter in the function of these cells. To confirm this, they measured slow waves in the mouse jejunum of wild-type mice. These waves had amplitudes ranging from 400 to 600 V and frequencies of 36.1 Ϯ 2.1 min Ϫ1 . Upon addition of 40 M bumetanide, the amplitude and frequency decreased to 50 -100 V and 27.4 Ϯ 1.3 min Ϫ1 , respectively. The effect of the loop diuretic on shape, amplitude, and frequency of the slow waves was reversible. The decreased amplitude and frequency of these slow waves in the presence of bumetanide was similar to the decreased wave amplitude and frequency measured in the isolated jejunum of NKCC1 knockout mice. The observed decreased intestinal motility, whether induced pharmacologically or genetically, might explain the morbidity related to hemorrhage, intussusception, and fecal impaction that have been reported around the weaning period in NKCC1 knockout animals (38).
Spermatogenesis. Another striking phenotype of the NKCC1 knockout mouse is the male infertility (25, 105). Gross examination demonstrates smaller testis size in the NKCC1 knockout mouse (105) . Figure 6A reports both a smaller body weight and testis size (as measured by weight). Histological analysis of the testis from NKCC1 knockout mice revealed a smaller diameter of the seminiferous tubules and complete absence of mature spermatids near the lumen of the tubule (105) . Additionally, larger numbers of spermatogonia were observed in the tubules of NKCC1 knockout mice, with a fraction of them demonstrating apoptotic cell death (Fig. 6, C and D) . This deficiency might be related to a CNS deficit as we demonstrated reduced circulating levels of testosterone and luteinizing hormone (LH) in NKCC1 knockout animals (Fig. 6B ). Note that intratesticular testosterone which is also reduced in male NKCC1 knockout mice is produced by Leidig cells under the control of anterior pituitary LH, which itself is controlled by secretion of gonadotropin-releasing hormone (GnRH) from the hypothalamus (Fig. 6A, inset) . Interestingly, suppression of fertility in physiological and pathological situations often involves inhibition of GnRH neurons, and these neurons, in contrast to most CNS neurons, exhibit GABA A -receptor mediated membrane depolarization due to NKCC1-facilitated Cl Ϫ accumulation (23). Indeed, the intracellular Cl Ϫ in untreated GnRH neurons is 25.6 Ϯ 0.3 mM, compared with 11.5 Ϯ 0.9 mM after addition of 50 M bumetanide. It is therefore possible that the infertility phenotype observed in male NKCC1 knockout mice results from a deficit in hypothalamic neurons involved in the secretion of hormones important for the development of the male reproductive organ.
Epithelia-salivary gland. One of the tissues that express the highest levels of NKCC1 is the salivary gland. Located on the basolateral membrane of the acinar cells, the cotransporter participates in the secretion of fluid that accompanies secreted proteins, such as ␣-amylase for the serous secretion of the parotid gland, or mucin for seromucous secretion of the sublingual and submandibular glands. Disruption of NKCC1 causes significant reduction in the volume of saliva secreted in response to pilocarpine, a muscarinic agonist (36). Consistent with the loss of NKCC1 function, a decrease in bumetanidesensitive Cl Ϫ influx into acinar cells was also observed. However, it was also shown that salivary gland tissue was able to somewhat compensate for the loss of NKCC1 by enhancing Cl Ϫ movement through the Cl Ϫ /HCO 3 Ϫ exchanger. Epithelia-lung. NKCC1 is expressed on the basolateral membrane of airway epithelium which secretes Cl Ϫ and the fluid responsible for the hydration/fluidity of the overlying mucus layer (Fig. 7A) the cystic fibrosis transmembrane conductance regulator (CFTR), a Cl Ϫ channel that when mutated causes cystic fibrosis. NKCC1 transports Cl Ϫ from the blood side into the epithelial cells, so it can then be secreted by CFTR, osmotically driving water across the epithelium. Analysis of the lung revealed high NKCC1 expression in the trachea of neonatal mice, but much lower expression in adult mice (54) . In the fetal lung, the cotransporter is also involved in the production of the fluid, which fills the lung and seems important for its maturation. Consistent with this hypothesis are electrical measurements across the tracheal epithelium, which showed sizable bumetanide-sensitive short-circuit currents (SCCs) in neonatal tissue but no significant bumetanide-sensitive SCCs in adult trachea. This seems, however, to be species specific, as adult rabbit and human trachea demonstrate NKCC1-mediated Cl Ϫ uptake. Note that in neonatal trachea, in addition to the bumetanidesensitive component of the SCC, Cl Ϫ also enters the basolateral membrane through a DIDS-sensitive Cl Ϫ /HCO 3 Ϫ transport mechanism. The fact that adult NKCC1-null mice do not exhibit an obvious lung phenotype suggests that they are able to adequately compensate for the absence of the cotransporter. Alternative anion transport mechanisms can also sustain liquid production at near normal levels in the fetal lung of NKCC-null mice (47) . These data indicate that there is redundancy in the mechanisms of Cl Ϫ transport, indicating its importance to lung physiology. Remarkably, NKCC1-null mice are also protected against hypothermic sepsis and invasion of bacteria in the blood due to lung infection, indicating that NKCC1 may also play a role in the acute inflammatory response of the lung (97) .
Epithelia-intestinal tract. Because of the incidence of intestinal obstruction in NKCC1-null mice (16% greater than that in wild-type mice; 38), the secretory properties of the intestine were closely examined. Similar to airway epithelium, Cl Ϫ secretion in the NKCC1-null mouse duodenum involves the concerted movement of the anion through basolateral Na-K2Cl cotransporters and apical CFTR Cl Ϫ channels (Fig. 7A) . Similar to the compensatory mechanisms in the lung, Cl Ϫ entry into the intestine of NKCC1-null mice is facilitated by the activity of a Cl Ϫ exchanger mRNA expression levels, indicate that the compensation is at the activity level of the transporters and not at the expression level (i.e., genetic compensation). These data indicate that some ion transporters function at submaximal activity levels. Thus, by increasing the activity of existing transporters, they can compensate for the loss of other exchangers and cotransporters.
Epithelia-kidney. Although a kidney-specific Na-K-2Cl cotransporter isoform exists (SLC12A1, see next section), NKCC1 expression has been demonstrated in several locations in the mouse kidney including the glomerular afferent arteriole, glomerular and extraglomerular mesangium, and the inner medullary collecting duct (65) . In rat kidney, expression was similar in glomerular afferent arteriole, but type A intercalated cells of the outer medullary collecting duct expressed the cotransporter on the basolateral membrane (34). Presence of NKCC1 in renin-expressing smooth muscle cells of the juxtaglomerular afferent arteriole indicates a possible role of the cotransporter in the renin-angiotensin system and control of glomerular filtration. Detailed studies have shown that NKCC1-null mice have increased levels of plasma renin concentration associated with increased granulation of afferent arterioles and intra-renal renin mRNA (17, 152) . As renin production by the afferent arteriole smooth muscle cells depends on the delivery of Na ϩ to the macula densa, Castrop and coworkers (17) tested the effect of furosemide injection on plasma renin levels in wild-type and NKCC1-null mice. They observed increases in plasma renin levels in both genotypes, consistent with furosemide inhibition of NKCC2 function and increased salt delivery to macula densa cells. When they isolated juxtaglomerular cells from wild-type and knockout animals, they observed that furosemide increased renin release in wild-type cells, but not in NKCC1-null cells. This observation indicates that NKCC1 tonically suppresses renin synthesis and renin release. However, this interpretation is confounded by the low blood pressure measured in the NKCC1-null animals [e.g., 114.5 Ϯ 2.2 mmHg in-null vs. 131.8 Ϯ 2.5 mmHg in wild-type mice; (92) ]. In fact, as blood pressure decreases, the rate of glomerular filtration and salt delivery to the macula densa is lower. This signal by itself would lead to an increased renin secretion; however, it has been argued that the blood pressure decrease in NKCC1-null mice is not severe enough to explain the extent of the renin increase observed in these animals. Note that another study examining the same mouse line observed no significant difference in blood pressure between wild-type and knockout mice, unless the mice were fed with a high-salt diet, and then NKCC1-null mice exhibited an increase in mean arterial blood pressure that was absent in wild-type animals. Differences between the studies might be related to the methodologies used for blood pressure measurement: tail cuffs (92, 152) versus telemetry (68) . The underlying cause of the reduced blood pressure has been closely examined by Susan Wall (152) . Hypotension could be due to impaired cardiac output, vasodilation of blood vessels, or extracellular volume depletion. It was also shown that NKCC1-null mice had similar cardiac function as their wild-type counterpart, eliminating the heart as a factor in the observed hypotension. Furthermore, as plasma aldosterone levels were unchanged, extracellular volume depletion was also eliminated as the cause of the hypotension. Although no significant differences were observed in aortic contractility between the two genotypes, there was a significant decrease in contractility of the portal vein in NKCC1-null mice compared with wild-type, indicating that the cotransporter plays a significant role in vascular tone. Aside the increased renin release, there are several other kidney-related abnormalities in NKCC1-null mice. Analysis of Na ϩ transport in the knockout versus wild-type mice revealed increased NCC expression under both high-Na ϩ and low-Na ϩ diets and increased sodium-hydrogen exchanger 3 (NHE3), NKCC2 and Na ϩ -K ϩ -ATPase expression under a low-Na ϩ diet condition. Increased expression of these transporters suggests increased Na ϩ transport, which is also inconsistent with a decreased blood pressure. In each of these specific epithelial examples, the NKCC1-null mouse demonstrates both the physiological importance of Cl Ϫ transport and the various mechanisms that exist to compensate for the loss of NKCC1 activity.
Na-K-2Cl Cotransporter-2 (SLC12A1 Gene)
Functional identification of a Na ϩ reabsorption mechanism in the thick ascending limb (TAL) of the Loop of Henle came with the discovery in the early 1960s of furosemide and its effect on the renal medullary sodium gradient (39, 58) . The functional characteristics of this mechanism came shortly after the description by Geck and coworkers (44) of a furosemidesensitive Na-K-2Cl cotransporter mechanism in Ehrlich Ascites. Indeed, Reiner Greger and colleagues (51, 52) showed that the TAL carrier was electrically silent, yet apparently transported 2Cl
Ϫ for 1 Na ϩ , and that this cotransport of Na ϩ and Cl Ϫ was K ϩ dependent. It was not until 1994 with the cloning of Na-K-2Cl cotransporter cDNAs from rat and rabbit kidney medulla (42, 108) and the cloning of separate Na-K-2Cl cotransporter cDNAs from mouse inner medullary collecting duct (26) and shark rectal gland (158) that the "widely expressed" NKCC1 and "kidney-specific expression" of NKCC2 were identified as two distinct isoforms encoded by two separate genes.
Mutations in human SLC12A1 results in Bartter's syndrome type 1, an autosomal recessive salt-wasting disorder characterized by polyuria, renal tubular hypokalemic alkalosis, and hypercalciuria. Disruption of the NKCC2 gene can be due to missense mutations (Asp648Asn, Val272Phe) (128) or (Gly193Arg, Arg199Gly, Gly224Asp, Ala267Ser, Gly243Glu, Arg302Gln, Gly319Arg, Cys436Ser, GlyAla478, AlaThr508, Ala510Asp, Ala578Thr) (148), premature stop codons (Trp625X) (72) (Tyr998X) (148) , frameshift stops at positions 706 and 1318 (148), or splicing defects (100). All of these mutations result in the lack of NKCC2 function in the TAL, providing a window into the significance of the cotransporter in fluid and salt homeostasis in the kidney. Defective NaCl reabsorption in the TAL results in salt and fluid wasting, accompanied by blood volume reduction. As in Gitelman's syndrome, the decreased Na ϩ reabsorption in the TAL results in increased delivery of Na ϩ to the collecting duct where its reabsorption via ENaC stimulates both K ϩ and H ϩ secretion and leads to hypokalemia and metabolic alkalosis. Furthermore, the reduced blood volume activates the RAA system through intrarenal baroreceptors (renin cells) and elevated sympathetic nerve activity. Angiotensin II promotes proximal secretion of protons via the Na ϩ /H ϩ exchanger, and aldosterone activates ENaC activity, increasing the driving force for secretion of K ϩ and H ϩ and further hypokalemia and metabolic alkalosis.
Less than a year after the publication of several NKCC1-knockout animals (see above), Takahashi and coworkers (138) produced a homozygous NKCC2 knockout mouse that exhibited severe dehydration, high plasma renin and low potassium concentrations, and metabolic acidosis. Unfortunately, the severe extracellular volume depletion resulted in a failure of the pups to thrive and none survived past weaning. As a result, a follow-up study was performed using mice heterozygous with one allele of NKCC2 knocked down. Various physiological parameters (e.g., levels of blood creatinine, daily urine volume, blood pressure, urea nitrogen, osmolality) were indistinguishable between wild-type and heterozygous NKCC2 mice (137) . Quantitative real-time-PCR determined that although the heterozygous NKCC2 mice had approximately one-half the mRNA of wild-type NKCC2 mice, no significant difference in protein levels of NKCC2 could be observed. The authors hypothesized that the lack of any physiological difference between the two genotypes was a result of alterations in the rate of protein turnover. To localize the site of posttranslational compensation, they isolated portions of the kidney nephron and measured the transepithelial voltage. No discernible difference in NaCl reabsorption between the two genotypes was observed in the isolated TAL, strongly indicating that phenotypic compensation for the single allelic copy of the SLC12A1 gene occurred in that portion of the kidney nephron (137) .
There are actually three splice variants of NKCC2 (A, B, and F) derived from alternative splicing of exon 4. Along with different levels of overall expression, each isoform also has localized expression in the different portions of the TAL (48, 62, 108) . The most abundant NKCC2 isoform, NKCC2F, is expressed in the medullary TAL. NKCC2B is expressed mainly in the cortical TAL, and NKCC2A is expressed in both the cortical and the medullary TAL (see Fig. 3 ). Each of the three NKCC2 variants exhibit different affinities for Cl Ϫ ; thus their expression in different regions of the TAL allows for a wide range of ion transport activity (103) .
Macula densa epithelial sensor cells detect tubular salt concentration through the transport activity of NKCC2 located on their apical (luminal) membrane (111, 123) . Macula densa cells were found to exclusively express the high Cl Ϫ affinity NKCC2B isoform, and mice genetically modified to be deficient for NKCC2B had no gross anatomic, behavioral, or fertility abnormalities (102) . Interestingly, the targeting of NKCC2B did not result in a compensatory change in the expression levels of either NKCC2A or NKCC2F. Even more surprising, the urine-concentrating ability of the NKCC2B-null mice was similar to that of wild-type mice following 48 h of water deprivation. Although plasma renin concentrations (PRC) were similar between both genotypes under basal conditions, and when all isoforms of NKCC2 were inhibited by acute administration of furosemide, NKCC2B-null mice significantly lowered their PRC when maintained on a chronic high-salt diet. Conversely, a chronic low-salt diet stimulated PRC in both genotypes. Blood pressure and heart rate were similar in both wild-type and NKCC2B-null mice, whereas plasma aldosterone levels changed in parallel to changes in PRC. Distal tubular fluid chloride concentrations in NKCC2B-null mice were greater than in wild-type mice, whereas absolute Cl Ϫ absorption along the Loop of Henle was significantly higher in wild-type versus NKCC2B-null mice (but only at low microperfusion rates) (102) . Measurement of fractional chloride and water absorption were also higher in wild-type versus NKCC2B-null mice, but again only at low microperfusion rates. Isoform-specific in situ hybridization experiments found that macula densa cells express both NKCC2B and NKCC2A, but not NKCC2F. As a result, macula densa cells deficient for NKCC2B still possessed some NKCC2 protein and explained why much of the macula densa function was preserved in the NKCC2B-null mice (102) .
Similar to the NKCC2B-null mice, genetic disruption of the low Cl Ϫ affinity NKCC2A isoform produced viable mice without any salt-wasting phenotype. Although knockout of NKCC2A did not affect mRNA levels of NKCCF, the level of NKCC2B mRNA was actually greater than that observed in wild-type mice, indicating compensation. However, it is interesting that total NKCC2 protein levels, determined by Western blot analysis, were slightly reduced in the NKCC2A-null mouse (103) . Whereas wild-type mice given a single intravenous injection of isotonic saline significantly suppressed plasma renin concentration (PRC), NKCC2A-null mice given the same treatment did not exhibit the same significant decrease in the PRC response. Microperfusion of superficial nephrons demonstrated that distal Cl Ϫ concentrations, absolute Cl Ϫ absorption, and water absorption between the two genotypes were similar at low flow rates but significantly different at high perfusion rates (103) . Conversely, measurement of tubuloglomerular feedback responsiveness in NKCC2A-null mice increased at low perfusion rates, but decreased at saturating perfusion rates. Altogether, the overlapping expression of NKCC2A and NKCC2B in the TAL and macula densa appears to significantly increase the efficiency of salt absorption over a wide range of Cl Ϫ concentrations (103) . Thus, the NKCC2A and NKCC2B knockout mouse models have demonstrated that renal salt absorption is dynamic along the nephron and that the expression/affinity of these different isoforms serves to meet these varying salt absorption concentrations.
Swelling-Induced Cl
Earlier, we described how Floyd Kregenow demonstrated a hypertonic shrinkage induced Na ϩ -dependent accumulation of K ϩ in duck erythrocytes (71) . In an accompanying manuscript, Kregenow suggested that the pump and leak concept of Tosteson and Hoffman (144) being responsible for cell volume regulation could not explain the observed monovalent cation transport across duck erythrocyte membranes in nonhemolytic hypotonic solutions (70) . He observed that after an initial swelling phase, duck erythrocytes returned to their original volume by a loss of cellular K ϩ and Cl Ϫ and cell water, with little or no change in Na ϩ . As the loss of osmotic particles is controlled and even stop once cells have returned to their original volume, Kregenow suggested that an intrinsic intracellular regulatory mechanism must be responsible (70) . It was not until 1980 that Phillip Dunham and Clive Ellory in England and Peter Lauf in the U.S. characterized a Na ϩ -independent, Cl Ϫ -dependent ouabain-insensitive K ϩ efflux activated by hypotonicity (29) or pretreatment with N-ethylmaleimide (77), an efflux now known to be mediated by electroneutral K-Cl cotransport. In fact, there are four isoforms of the Na ϩ -independent K-Cl cotransporters encoded by separate genes (46, 56, 57, 95, 109, 115) . With the exception of the relationship between KCC3 and the human peripheral neuropathy, Andermann's syndrome, no overt human pathologies have been directly linked to mutation/dysfunction of the other K-Cl cotransporters. For the purpose of this review, we will focus on how genetic knockdown of each KCC isoform in the mouse has produced multiple physiological phenotypes (e.g., erythrocyte sickling; seizure susceptibility; peripheral neuropathy; and sensorineural deafness).
K-Cl Cotransporter-1 (SLC12A4 Gene)
Despite the ubiquitous expression of KCC1, neither specific roles of this K-Cl cotransporter isoform nor any KCC1-associated human diseases have been identified. Generation of a KCC1-null mouse by deletion of exons 4 and 5 resulted in a shift in the open reading frame and premature termination of the encoded protein. Homozygous KCC1-null mice were indistinguishable from their wild-type littermates with similar body weight, physical appearance, response to auditory and visual stimuli, and susceptibility to seizures. Furthermore, histological examination found no obvious abnormalities in any of their major organ systems (121) . Crossing of the KCC1 and KCC3-null mice to produce a double knockout mouse resulted in litters at the expected Mendelian ratios; however, matings were rarer and litters much smaller. In addition, the postnatal development and growth of the double knockout animals was less than that of wild-type mice, and they exhibited an increased mortality rate when compared with the KCC3-null mice, indicating an additive effect by incorporating disruption of the KCC1 gene. Red blood cell (RBC) counts of the double knockout animals were reduced when compared with wild-type littermates; however, hemoglobin values were within the normal range and thus the animals were not anemic. Small differences were observed in the mean corpuscular volume of RBCs and reticulocytes, which was elevated, and in the osmotic resistance, which was decreased, in the double knockout mice compared with wild-type animals (121) .
Human sickle cell disease is an inherited condition caused by a mutated hemoglobin gene that results in RBCs assuming a rigid and abnormal "sickle" shape (99) . Transgenic expression of a modified hemoglobin gene in the SAD mouse produces polymerized hemoglobin and erythrocyte sickling (145) . Elevated K-Cl cotransporter activity is believed to be a major factor in the dehydration of RBCs and accelerates the polym-erization of hemoglobin in sickle cells (78). Interesting results, however, were obtained when crossing the double knockout with sickle cell mice. Hubner and coworkers thus crossed the KCC1/KCC3-null mouse with the SAD mouse and produced offspring with RBC mean corpuscular volume and osmotic resistance that were similar to wild-type mice (121) . This experiment clearly indicates that K-Cl cotransport is a mechanism that when activated dehydrates the RBCs. Whereas transient dehydration of normal red cells has no long-term consequences, dehydration of RBCs containing sickle hemoglobin greatly affects the morphology of the diseased cells. Absence of K-Cl cotransport has therefore a protective effect against sickling. The required addition of the genetic disruption of KCC3 to demonstrate a KCC1 knockout phenotype is consistent with evidence of multiple isoforms being expressed in RBCs and other cell types. Furthermore, we have learned that two separate K-Cl cotransporter isoforms contribute to the dehydration of RBCs, and targeting of one isoform can be compensated for by the other isoform. It should be noted that this result could not have been uncovered with pharmacological agents, as isoform-specific inhibitors are not yet available.
K-Cl Cotransporter-2 (SLC12A5 Gene)
Originally identified and cloned from a rat brain cDNA library, KCC2 has been shown to be expressed exclusively in brain and spinal cord neurons (109) . Based on this selective expression, KCC2 was immediately postulated to be the socalled "Cl Ϫ pump" mechanism that drives Cl Ϫ out of the neuron against its electrochemical driving force, thus confirming a 10-year-old hypothesis that a K-Cl cotransport mechanism was responsible for the outward movement of Cl Ϫ in mammalian cortical neurons (141) . The gradual increase in cotransporter expression during rodent postnatal development (18, 82) was consistent with a gradual decrease in intracellular Cl Ϫ and consistent with the strengthening of GABA hyperpolarizing responses during maturation of the inhibitory system. Because the driving force for K-Cl cotransport is very close to thermodynamic equilibrium, small changes in either intracellular Cl Ϫ or external K ϩ can easily change the direction of transport (107) . This is significant as repeated neuronal firing is likely to result in transient increase in extracellular K ϩ , thus affecting excitability. Also note that KCC2 is the only one of the four K-Cl cotransporter isoforms that exhibits any activity under isotonic conditions. The three other K-Cl cotransporters need to be activated by hypotonicity to detect transport activity, the significance of which is still to be determined. The isotonic activity of KCC2 is known to be encoded by a small portion of the cytoplasmic COOH-terminal tail of the cotransporter (89) . A direct relationship between KCC2 and the development of GABA hyperpolarizing responses during neuronal maturation was first demonstrated using KCC2-specific antisense oligonucleotides (118) . Confirmation of this role came with the development of two knockout mouse models (60, 156) . The release of our knockout data in poster form at the Society for Neuroscience (SFN) in 2001 produced a bit of a stir, as our animals survived for about two weeks after birth, whereas Thomas Jentsch's mice died shortly after birth. At the time of the SFN meeting, both studies had yet to be published. We now know that the difference between the two models can be explained by the targeting strategy. The first published knockout mouse, from Thomas Jentsch's laboratory, targeted exon 5, which encodes for part of the highly conserved second transmembrane domain and first intracellular loop between TM2 and TM3. Although these knockout animals had normal diaphragms and normal heart rates, they died at birth due to respiratory failure (60) . The pre-Botzinger complex is a cluster of interneurons in the brainstem essential to the generation of respiratory rhythm. Examination of the respiratory-related motor output of E18.5 isolated brainstems from wild-type animals showed a regular and stable rhythm of 14 bursts per minute; however, preparations from Jentschs' KCC2 knockout animals failed to show any rhythmic activity. Our SLC12A5-knockout model, published one year later, targeted exon 1 and produced viable mice that still expressed 5-10% of KCC2 protein as detected by Western blot analysis (156) . Although at the time we did not understand the reason for this result, the remaining KCC2 expression in the brain and/or spinal cord was enough to allow our mice to bypass the early postnatal lethality observed in the Jentsch mice. In 2007, a novel NH 2 -terminal isoform of the neuronal K-Cl cotransporter (KCC2a) was identified that involved an alternative promoter and first exon (146) . It is now clear that by targeting exon 1b, we had eliminated only one isoform (KCC2b), leaving untouched the expression of the KCC2a isoform that is initiated from a distinct promoter on the SLC12A5 gene. Elimination of exon 1b disrupted expression of the major isoform (KCC2b), resulting in pups that demonstrated frequent tonic/clonic seizures that ultimately led to their deaths between postnatal day 12 and 17 (P12-P17). These seizures could be prevented by injecting the animals with 2.5-5 mg/kg phenytoin (also known as dilantin) before P12-P13; however, owing to developmental factors that are still unknown, the compound became ineffective in older pups.
Because of the sporadic seizures we observed in aging heterozygous mice, we decided to determine their seizure threshold versus wild-type mice using repeated injections of a sub-dose (60 mg/kg) of the proconvulsant agent pentylenetetrazole. As seen in Fig. 8A , heterozygous mice demonstrated a twofold increase in seizure susceptibility when compared with wild-type mice. To demonstrate that this seizure activity was directly related to the amount of KCC2 expression and not to some other developmental factors, we created an inducible line of total KCC2 knockout mice. Mice carrying two KCC2 alleles with exon 5 flanked by loxP sites, a CAMKII␣-tTA transgene (84), and a phCMV-tetO-CRE transgene (122) were mated in the presence of doxycycline to prevent expression of the recombinase. When the mice reached P40, doxycycline was removed from the diet and Kaplan-Meier survival curves show that all mice died between P90 and P110 (see Fig. 8B ). This data demonstrated that there was no developmental component to the occurrence of the seizures, as these events could be triggered later in life by decreasing expression of the cotransporter. The KCC2b knockout animals have also been used to study the role of KCC2 in isolated cortical pyramidal neurons. It was shown that KCC2 expression increases in cultured neurons and, as anticipated, the cotransporter mediates a progressive decrease in the intracellular Cl Ϫ concentration (161) . Experiments performed with long-term GABA application or with membrane depolarization combined with GABA application demonstrated that wild-type neurons were able to prevent large Cl Ϫ changes and recover quickly from small changes in the intracellular Cl Ϫ concentration. In contrast, younger neu-rons (P2-P6), or older neurons (P13-P17) isolated from KCC2b knockout pups were much slower responding to Cl Ϫ changes. These data clearly indicate that KCC2 mediates the developmental decrease in intracellular Cl Ϫ and is active in mature neurons to maintain the low intracellular Cl Ϫ necessary for GABA hyperpolarization (161) . In agreement with this role in maintaining Cl Ϫ and preventing the development of epileptiform activity, field recordings performed in the CA1 region of the hippocampus showed a significant increase in amplitude and frequency of spontaneous spikes in the KCC2 heterozygous mice when compared with wild-type mice (162) . Furthermore, addition of the convulsive agent 4-aminopyridine to the brain slices induced significantly more seizure-like events in the brain slices isolated from KCC2 heterozygous mice than in the brain slices from their wild-type counterparts (162) .
Maintaining a low neuronal intracellular Cl Ϫ concentration is an evolutionary old function of the K-Cl cotransporter as it is observed in C. elegans. Indeed, in the roundworm, the GABA A receptor (UNC-49) inhibits GABAergic motor neurons enabling coordinated body bends (8) . Treatment with muscimol (a GABA A agonist) results in an uncoordinated contraction/relaxation response known as the "rubber band" phenotype (22). However, muscimol treatment of C. elegans kcc-2 mutants did not exhibit this rubber band phenotype, demonstrating that the cotransporter is involved in establishing the necessary chloride gradient for the inhibitory action of UNC-49 in body-wall muscle cells (139) .
KCC2's role in locomotion and spasticity was also examined using wild-type and heterozygous KCC2b knockout mice (13) . It was shown that KCC2 expression is significantly affected following spinal cord injury and that decreased KCC2 expression led to a reduction in network inhibition. Furthermore, the decreased KCC2 expression in the KCC2b heterozygous mice, or decreased KCC2 function with the use of DIOA as a KCC2 inhibitor, resulted in decreased rate-dependent depression of the Hoffmann reflex. This reflex is commonly used to assess primary type Ia afferents-mediated motoneuronal excitability in individuals suffering from spasticity (13) . A follow-up study demonstrated that reduction in KCC2 expression resulted in a depolarized equilibrium potential for Cl Ϫ in lumbar motoneurons, associated with increased spontaneous motor activity and a faster locomotor-like activity (132) .
Another line of KCC2 hypomorph mice was generated by Vilen and coworkers (150) by inserting a neomycin resistance gene cassette floxed by loxP sites in exon 4 through Mu transposon. Analysis of these mice, which express ϳ20% KCC2, showed that they are viable and fertile but exhibit a growth deficit leading to adult mice having a 20% reduction in body weight. As the KCC2b knockout mice express only 5-10% KCC2, this suggests that the amount of KCC2 necessary for survival revolves between 10 and 20%. Cotransporter expression below that level affects animal viability. This also suggests that in our KCC2 inducible knockout mouse (Fig. 8B) , the level of KCC2 expression upon doxycycline removal must have dropped well below 10 -20%. Behavioral analysis of the Vilen mice revealed normal locomotor activity and motor coordination but increased anxiety-like behavior, as measured by the elevated plus maze assay (143) . Mice were also tested for sensory perception, including response to heat-evoked nociception and tactile sensitivity. In all tests, the mutant mice demonstrated a decreased response to the sensory stimulation. This behavior is somewhat contradictory to studies that have shown increased nociception associated with reduction of KCC2 expression (for examples see Refs. 21 and 160) and to a report showing that injection of a KCC2-specific inhibitor in the intrathecal space of a wild-type mouse decreased the latency to response to heat-evoked pain stimuli (6) . As for the KCC2b knockout mice, these hypomorphic mice also demonstrated hypersensitivity to pentylenetetrazole (PTZ)-induced seizures, and greater reversal of these PTZ-induced seizures to the general anesthetic propofol. In a subsequent study, the mice also tested for compound-induced locomotion effects (142) . The study showed decreased sensitivity to diazepam-induced but normal responses to alcohol-induced motor impairment. The mice also showed normal responses to gaboxadol-induced sedation and neurosteroid-induced hypnosis. These data were consistent with KCC2 involvement in fast hyperpolarizing inhibition rather than tonic GABAergic inhibition. In retrospect, without the differential phenotypes of the Jentsch and Delpire KCC2 knockout mice, the alternatively spliced exon 1 may not have been identified. It raises the question of whether genetic disruption of other cotransporters (and in fact any other gene) at different exons would yield novel information.
Considering the key role of KCC2 in regulating neuronal Cl Ϫ and preventing CNS hyperexcitability, it is curious that no mutation or polymorphism in the human KCC2 gene has been identified in relationship to epilepsy or other hyperexcitability disorders. Note, however, that significant changes in KCC2 expression were observed in the postmortem brains from patients with schizophrenia (61, 140) . In a recent study, Wolfgang Liedtke's group showed that carbon nanotubes, when exposed to cultured neurons, accelerate the developmental up-regulation of KCC2 (80). These data were verified in situ using organotypic cultures of cortical slices isolated from a novel mouse model. In these experiments, cortical slices from neonatal mice expressing luciferase under the KCC2 promoter were prepared and cultured in the absence or presence of carbon nanotubes for 3 days. Bioluminescence was measured after luciferin addition, and slices exposed to carbon nanotube demonstrated significantly higher luminescence, demonstrating accelerated KCC2 transcription.
K-Cl Cotransporter-3 (SLC12A6 Gene)
KCC3 identification and cloning were reported in 1999 by three independent groups (56, 95, 115) . The cotransporter is expressed in multiple tissues as demonstrated by Northern blot analysis-muscle, lung, placenta, liver, heart, kidney, and brain-with highest mRNA levels in muscle, heart, kidney, and brain (95) . Expression of KCC3 has been examined in some detail in the nervous system of the mouse using immunofluorescence (110) and in situ hybridization (126) . Using an antibody directed against the NH 2 -terminal tail, the cotransporter was localized to the basolateral membrane of choroid plexus (Fig. 7B) , in white matter tracts, large pyramidal neurons in cortex, and Purkinje cells in the cerebellum. In the spinal cord, the signal was intense in dorsal and lateroventral columns and weaker in the central cord. Expression of KCC3 was low at birth and increased significantly during postnatal development (110) . Using in situ hybridization, Shekarabi and coworkers (126) demonstrated expression of KCC3 in parvalbumin-and calbindin-positive interneurons as well as in radial or radial-like glia.
Human peripheral neuropathy. Andermann's syndrome, also named ACCPN (Agenesis Corpus Callosum with Peripheral Neuropathy) or HSMN/ACC (Hereditary Sensory Motor neuropathy/Agenesis Corpus Callosum) is an early onset peripheral neuropathy associated with various degrees of agenesis of the corpus callosum. The syndrome is prevalent in the Charlevoix and Saguenay-Lac-Saint-Jean regions of Quebec and was first described in the medical literature by Andermann et al. (5) . Briefly, patients exhibit various degrees of hypotonia during their first year of life with delayed motor milestones. They often require braces for walking, then later a wheelchair, and eventually are bedridden as the neuropathy worsens. The affected individuals also suffer from mental retardation, psychotic symptoms, and bone deformities (30, 37, 73) . Dr. Guy Rouleau, a neurologist at McGill University (Montreal, Canada), mapped this neurodegenerative disorder to chromosome 15q13-15q15 (16) . The cloning and mapping of KCC3 to human chromosome 15q14 prompted Dr. David Mount (at the time working at Vanderbilt University) to contact Dr. Rouleau, who sequenced all SLC12A6 exons in ACCPN patients, while we worked on creating a KCC3 knockout mouse. Both studies appeared in a consolidated paper in Nature Genetics in 2002 (59) . Complete sequencing of exons from Quebec patients revealed deletion of a glycine residue codon in exon 18, resulting in a frame shift (T813fsX) termination of the open reading frame. Interestingly, one affected individual was found to be only heterozygous for the T813fsX mutation. Sequencing of his SLC12A6 exons revealed a separate mutation in the second allele Phe529fsX532. Two mutations were also found in Turkish and Italian families: Arg1011X and Arg675X, respectively (59) . Following the original report, other mutations have been reported from isolated families (119, 147) . In Table 2 we summarize how all of these mutations (with the exception of R207C and G539D) lead to a codon frame shift and premature protein truncation. Note, however, that these two amino acids are predicted to be located in transmembrane domains 1 and 7, respectively, and their mutation into cysteine and aspartic acid might result into misfolded proteins.
We created our KCC3 knockout mouse by targeting exon 3 of the SLC12A6 gene. This mouse has an intact corpus callosum but exhibited severe locomotor deficits when challenged by rotarod, beam task, and wire hang assays (59) . The absence of a corpus callosum phenotype is not that surprising since the phenotype in ACCPN patients is highly variable and therefore likely to be influenced by additional factors. Thus, the peripheral neuropathy is clearly the common denominator between ACCPN patients and the mouse knockout. A separate KCC3 knockout mouse was generated in Thomas Jentsch's laboratory by fusing the first conserved KCC3 exon with a ␤-galactosidase and a stop codon (12) . A third knockout mouse model harboring a KCC3 mutation that spontaneously arose at the Jackson Laboratory facility (the gaxp mouse) has also been reported (63) . These two additional models exhibit severe locomotor deficits consistent with our knockout mouse and the neuropathy of Andermann's syndrome.
KCC3 knockout and neurodegeneration. Neurodegeneration has been described in both the CNS and the peripheral nervous system (PNS) of KCC3 knockout mice. In the CNS, degeneration was observed in the outer molecular layer of the dentate gyrus (hippocampus), as well as in both dorsal and ventral roots of the spinal cord (12) . As pathology of human peripheral nerves demonstrated a moderate to severe reduction of myelinated nerve fibers and the presence of "onion bulb" formations (24, 147), we conducted a detailed ultramicroscopic analysis of In the mutation column, three-letter abbreviations represent the amino acids that are mutated into other amino acids or stop codons (X). HSN/ACC, hereditary sensory neuropathy/agenesis corpus callosum; KCC, K-Cl cotransporter; TM, transmembrane domain; ICL and ECL, intra-and extracellular loops, respectively. the peripheral nerves of KCC3 knockout mice (see Fig. 9 ). It revealed axonal and periaxonal swelling, indicating a possible involvement of both neurons and Schwann cells (15) . Cross sections of sciatic nerves showed that only a fraction of the fibers were affected, whereas the axon and myelin compaction was perfectly normal in the majority of fibers. This observation could indicate that only a subpopulation of fibers is affected by the absence of KCC3. Alternatively, there is the possibility that the pathology could be limited to "random" sections along a fiber's length and thus the number of affected fibers could be underestimated. Associated with the peripheral nerve pathology, both Andermann patients as well as KCC3 knockout animals display nerve conduction velocity deficits (15, 135, 147) .
Neuronal origin of the locomotor phenotype was recently demonstrated by using a synapsin-driven CRE ϫ KCC3flox strategy (125) . In this study, the authors demonstrated a severe locomotor deficit in mice where KCC3 knockout was confined to neurons reminiscent of the global KCC3 knockout phenotype. The authors also reported mouse hyperactivity, which is likely the result of CNS dysfunction. As we wrap up this section, we will note that birds (e.g., chicken and finches whose genomes have been sequenced) lack a SLC12A6 gene (see introduction). This raises a series of questions related to differences between bird and mammalian nerve physiology: Is it that another K-Cl cotransporter fulfills the role of KCC3 in the peripheral nerves of birds? Or is it possible that the K-Cl cotransporter function in nerves is specific to mammalian species? A better understanding of the role of KCC3 in mammalian nerve physiology and a better understanding of why deletion of KCC3 in humans and mice results in a nerve degeneration disorder will help in answering these questions.
KCC3 function in CNS and PNS. Function of KCC3 has been assessed in central and peripheral neurons using the gramicidin-perforated patch method (12, 83) . Boettger and coworkers (12) reported that KCC3 knockout mice demonstrated a reduced threshold to flurothyl-induced convulsions or seizures. This observation indicates a role for KCC3 in neuronal Cl Ϫ regulation, maybe similar to the role of KCC2 (see above). Consequently, the authors examined the Cl Ϫ reversal potential in cerebellar Purkinje cells, which abundantly express KCC3. They observed a small but significant shift in E GABA in neurons isolated from KCC3 knockout mice versus wild-type mice. While the shift is much smaller than the shift observed when KCC2 is disrupted, these data confirm a role of KCC3 in neuronal Cl Ϫ homeostasis. This observation also supports immunocytochemical data that both KCC2 and KCC3 can be coexpressed in neurons. Thus, it would be interesting if future studies were to determine whether the transporters act independently of each other or affect each other's function.
The KCC3 knockout mouse has also been used to assess the role of KCC3 in peripheral (DRG) neurons (83). The Na-K-2Cl cotransporter (described above) accumulates Cl Ϫ in sensory DRG neurons, and recent data using MQAE-fluorescence showed that DRG neurons from younger mice have slightly higher Cl Ϫ concentrations than DRG neurons isolated from adult mice (85). This observation was also made using the gramicidin-perforated patch technique (83). This latest method revealed that while a decrease in NKCC1 expression is likely involved in the postnatal decrease in Cl Ϫ , a subpopulation of DRG neurons (ϳ30%) acquire a DIOA-mediated depolarization during the course of development from young to adult DRG neurons, concomitant with an increase in KCC3a transcript (83). Remarkably, 30% of adult DRG neurons isolated from KCC3 knockout mice maintained a relatively higher Cl Ϫ concentration versus 0% of adult wild-type DRG neurons. It is tempting to speculate that these are the same 30% that responded to DIOA. The role of KCC3 and the lower Cl concentration in this subpopulation of DRG neurons is still unknown. Note that KCC3 also plays a role in cell volume homeostasis and it was shown that hippocampal neurons and proximal tubule epithelial cells isolated from KCC3 knockout mice elicit an abnormal regulatory volume decrease response compared with wild-type cells when exposed to hypotonic media (12) . Whether or not the inability of the KCC3-deficient cells to volume regulate contributes to the pathology of the neurons has yet to be determined. KCC3 knockout and psychiatric disorders. As Andermann patients demonstrate psychotic behaviors, we tested KCC3 knockout mice for prepulse inhibition, a known neurological phenomenon in which a weak prepulse stimulus delivered shortly before a stronger pulse stimulus inhibits the response to this strong stimulus. Abnormal prepulse inhibition indicates an inability of the tested circuitry to filter out background or unnecessary information. Such deficits are observed in individuals suffering from schizophrenia and other psychotic disorders. In this case, we measured the startle response following auditory stimuli. Whereas heterozygous KCC3 mice demonstrated a prepulse inhibition phenotype similar to wild-type mice, homozygous KCC3 knockout mice displayed a significant reduction in this sensorimotor gating behavior (59) . It is worth mentioning that a study also demonstrated an association between rare SLC12A6 variants and bipolar disorder (91) , and these variants (due to methylation) likely result in decreased KCC3 expression (94) .
KCC3 knockout and age-related deafness. Auditory brainstem response analysis showed that KCC3 knockout mice slowly develop hearing loss during their first year (12) . This progressive loss of hearing was also observed in KCC4-null mice (11) , although in those animals the hearing deficit developed much sooner (see KCC4 knockout section below). KCC3 localization was examined in the inner ear and shown to be expressed in the inner and outer hair supporting cells, as well as in other epithelial cells of the organ of Corti and in type I and type III fibrocytes (see Fig. 10 ). Over time, cochlear degeneration was observed in the knockout animals together with a significant reduction in the passive steady-state potential, which depends on the difference in ionic composition of the endolymph versus perilymph and the permeability of the cell layers enclosing the scala media (12) .
KCC3 knockout mice and high blood pressure. Two studies have demonstrated elevated blood pressure in KCC3 knockout mice (2, 12) . In the first study, arterial blood pressure was measured in awake, 3-to 5-mo-old male mice. Although the mean pressure of KCC3 knockout animals (118 Ϯ 2 mmHg) was significantly higher than the arterial pressure of wild-type littermates (100 Ϯ 2 mmHg), there was no difference in heart rates (12) . In the second study, arterial blood pressure was measured continuously by telemetry for a 24-h period to capture the pressure during both the light (inactive) and the dark (active) periods in 5-to 6-mo-old mice. KCC3 knockout animals demonstrated a greater increase (more than 30 mmHg) in mean arterial blood pressure during both day and night periods, when compared with controls. Again, no difference between genotypes was observed for heart rate as well as for other parameters, such as body weight, plasma osmolarity and hematocrit; however, increased water consumption was noticed in the KCC3 knockout mice. Drinking volume, measured as milliliters of water per 24 h, increased by 22%, and drinking activity, measured by the number of licks per 24 h, increased markedly by 48% (2). The increase in blood pressure was later shown to not be due to vascular smooth muscle tone but related to an elevated sympathetic tone (120) . Indeed, ␣ 1 -adrenergic blockade or inhibition of ganglionic transmission was shown to restore the arterial blood pressure in KCC3 knockout animals.
KCC3 knockout and kidney phenotype? The SLC12A6 cotransporter is expressed on the basolateral membrane of proximal tubule cells from segments S1 to S3 (see Fig. 3 ) (12, 90) . Beyond one study, presented as a poster at the 2003 Experimental Biology meeting (San Diego, CA), which indicated impaired fluid and bicarbonate absorption in the proximal tubule of KCC3-null mice (154) , little is known about the role of KCC3 in kidney. Despite the phylogenetic similarity of KCC1 and KCC3, knockout of KCC3 clearly produces multiple phenotypes involving multiple systems which are not observed with the genetic disruption of KCC1. Although the expression of KCC1 is widespread and the principle function is considered to be: housekeeping,", the phenotypic discrepancies suggest that KCC3 (and possibly KCC4) performs additional key functions for which KCC1 cannot serve as "redundant" backup isoform.
K-Cl Cotransporter-4 (SLC12A7 Gene)
The fourth isoform of the electroneutral K-Cl cotransporters, KCC4, was cloned in 1999 and found predominantly expressed in kidney, heart, lung, and liver tissue (95) . In 2002, the Jentsch Laboratory generated a KCC4-null mouse by disrupting the SLC12A7 gene with loxP sites inserted in front of the exon coding for the first and part of the second transmembrane domain and the following exon, which encodes for the remainder of the second transmembrane domain. Southern and Western blot analyses demonstrated disrupted genomic DNA and absence of protein expression, respectively (11). KCC4-null mice were both viable and fertile, producing offspring in the expected Mendelian ratios. Behavioral experiments did not initially indicate any overt phenotypic abnormalities; however, between 14 and 21 days after birth, the mice developed severe hearing loss. Histological analysis of the inner ear demonstrated total loss of the outer hair cells (OHCs) that mediate high-frequency hearing. A similar loss of outer and inner hair cells was observed in the NKCC1 null mouse (25, 38, 106) and the KCC3 null mouse (12) . Histological localization of these cotransporters in the inner ear is illustrated in Fig.  10 . The K ϩ ions that cycle through these hair cells must be removed by uptake into Deiter's cells and subsequent diffusion through gap junctions to adjoining epithelial cells. As these Deiter's cells do not express significant amounts of Na ϩ -K ϩ -ATPase, the use of KCC4-mediated uptake of K ϩ would not require metabolic energy and occur near electrochemical equilibrium (11) . A similar model of ionic buffering of extracellular K ϩ by neuronal K-Cl cotransporters was proposed in 1997 (107) . Loss of this K ϩ "recycling" in the KCC4-null mouse would alter the ionic composition around these OHCs and possibly lead to their degeneration. Unlike the cochlea of the NKCC1 null mouse (25, 38) with no endolymphatic fluid, there was no collapse of Reissner's membrane in either the KCC4 null or KCC3 null mice, indicating that the two cotransporters are not involved in K ϩ secretion or the production of endolymph. The generation of cotransporter knockout animal models has clearly revealed a major role for NKCC1, KCC3, and KCC4 in inner ear physiology.
Interestingly, along with the severe hearing loss, disruption of KCC4 expression in portions of the kidney nephron resulted in mice with renal tubular acidosis (11) . Blood gas analysis that demonstrated a compensatory metabolic acidosis was consistent with the increased urine alkalinity observed in the KCC4 null mice. The ␣-intercalated cells of the distal nephron utilize a combination of apical H ϩ -ATPase with basolateral anion exchanger to secrete H ϩ into the lumen. The lack of basolateral KCC4 expression in the ␣-intercalated cells of the knockout mouse resulted in an increase in both the intracellular Cl Ϫ and the electrochemical gradient, thereby inhibiting apical H ϩ secretion. In this way, KCC4 becomes the third transport protein in ␣-intercalated cells whose inactivation results in renal tubular acidosis (11) . Mutations in several other membrane transport proteins have also resulted in hearing loss and kidney dysfunction. Autosomal recessive mutations in the apical H ϩ -ATPase were found to be the common link between improper pH balance in collecting duct ␣-intercalated cells and epithelial cells of the cochlear scala media (66) . Two variants of Bartter's syndrome with sensorineural deafness have been linked to mutations in CLCKB chloride channel and Barttin, an essential ␤ subunit of CLCK (35, 127). Interestingly, despite significant expression of KCC4 in multiple tissues, to date only the inner ear and kidney appear affected. This again suggests a "redundancy" of cotransporter isoforms with expression/function of KCC3 having a more important physiological role than KCC4 and KCC1.
SUMMARY
Although only seven of the nine members of this small protein family have been well characterized, the electroneutral cation-chloride cotransporters clearly serve many important physiological roles. The sequencing of the mouse genome has provided a unique opportunity to genetically manipulate the expression of these cotransporters at the cellular, tissue, and systemic level. Knockout mice of all three Na ϩ -dependent cotransporters were generated in the late 1990s. The NCC-null mouse exhibited phenotypic symptoms similar to Gitleman's syndrome. Inner ear dysfunction, nervous system deficits, and multiple epithelial-related disorders are some of the most striking defects exhibited by the NKCC1-null mouse. The NKCC2-null mouse exhibited Bartter-like symptoms including severe dehydration, high plasma renin and potassium concentrations, and metabolic acidosis. Although genetic knockout of KCC1 did not produce any overt phenotype, when combined with the knockout of KCC3, the double knockout mouse restored the volume and osmotic resistance to the red blood cells of another mouse model for human sickle cell disease. Identification of a novel KCC2 NH 2 -terminal isoform with an alternative promoter and first exon ultimately explained why different targeting strategies for the knockout of KCC2 in the mouse produced both animals that died immediately after birth and animals that survived for more than two weeks. The partial knockout of KCC2 altered intracellular chloride concentrations in neurons increasing seizure-susceptibility and decreasing nociception and tactile sensitivity. Generation of a KCC3-null mouse exhibited severe locomotor deficits and a peripheral neuropathy seen in humans afflicted with Andermann's syndrome. Additionally, knockout of KCC3 resulted in elevated blood pressure, age-related deafness, and neuronal prepulse inhibition. Finally, disruption of KCC4 resulted in mice with severe hearing loss and renal tubular acidosis.
Clearly, the genetic manipulation of the murine SLC12 gene family has produced mammalian model organisms that exhibit phenotypic syndromes seen in several human physiological disorders. Continued use of these animal models to test novel pharmacological and therapeutic interventions will undoubtedly be beneficial to human health and disease prevention. 
